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Abstract
Significance: Extranuclear sirtuins in cytosol (SIRT2) and mitochondria (SIRT3, SIRT4 and
SIRT5) are key regulators of metabolic enzymes and the antioxidative defense mechanisms. They
play an important role in the adjustment of metabolic pathways in alterations of the nutritional
status. Recent Advances: Recent studies have shown that in addition to lysine deacetylation,
sirtuins catalyze several different lysine deacylation reactions, removal of lipid modifications and
ADP-ribosylation. Large-scale studies have revealed hundreds of target proteins regulated by
different sirtuin modifications. Critical Issues: Sensing of the metabolic state and regulation of
the sirtuin function and expression is a critical component of the machinery optimizing cellular
functions in the switch from fed to fasting condition. Overfeeding, obesity and metabolic diseases
cause metabolic stress that dysregulates the sirtuins which may play a role in the pathogenesis
and complications of metabolic diseases such as type 2 diabetes, fatty liver disease and cardiac
diseases. In the current review we will discuss the significance of the extranuclear sirtuins as
metabolic regulators and in protection against the reactive oxygen species, and also how these
sirtuins are regulated by metabolic status and their putative role in metabolic diseases. Future
Directions: To efficiently utilize sirtuins as drug targets for treatment of the metabolic diseases,
better understanding of the sirtuin functions, targets, regulation and cross-talk is needed.
Furthermore, more studies in humans are needed to confirm the many observations mainly made
in animal and cell models so far.
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Introduction
Sirtuins (SIRTs) are a family of enzymes with crucial roles in the control of cellular metabolism
(133). Continuously increasing evidence indicates that sirtuins are needed for metabolic
adaptations in energy homeostasis in response to changes in nutritional status. Adaptation to
varying nutritional conditions is one of the very fundamental functions developed during
evolution. Evolutionarily, the challenge has been the scarcity of food sources, and the human
metabolic system is well orchestrated to cope with the metabolic pressure induced by fasting
periods. In contrast, today’s problems of overfeeding, physical inactivity and obesity induce
significant difficulties for the metabolic homeostasis, cause cellular metabolic stress, and disturb
the regulatory mechanisms tuned to secure the energy supply during the caloric shortage, thus
resulting in development of diabetes, fatty liver disease and other components of the metabolic
syndrome (39).
There are seven members in the mammalian sirtuin family. Sirtuins have different predominant
subcellular localizations and they can be divided into nuclear (SIRT1, SIRT6 and SIRT7),
mitochondrial (SIRT3, SIRT4, SIRT5) and cytosolic (SIRT2) forms, although this division is not
unconditional and some sirtuins are detected in more than one cell compartment, and there can
be also shuttling between the different cellular localizations (95). Nuclear sirtuins catalyze
modifications of both histone and nonhistone proteins, including many transcription factors and
coactivators, and play an important role in the control of transcriptional regulation (95). Instead,
the extranuclear sirtuins in the mitochondria and cytosol especially target enzymes involved in
the metabolic reactions and the antioxidative, protective defense mechanisms (63,95).
While the sirtuins were originally thought mainly to catalyze lysine deacetylation (52), more
recent studies have revealed a much broader range of activities including several different lysine
deacylation reactions, removal of lipid modifications and ADP-ribosylation (30,42,76,116).
These protein modifications have turned out to be a significant additional layer in the regulation
that can drastically affect the target protein function. Large-scale studies have identified
thousands of such modified sites in hundreds of proteins, indicating broad potential for sirtuins
to regulate cell functions (45,86,91,100). As major metabolic regulators, the expression and
activity of sirtuins themselves need to be strictly controlled (10). A complex system sensing
nutritional level and cellular energy state aims to maintain metabolic homeostasis at optimal level.
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Sirtuins are NAD+ dependent enzymes, and their function is therefore directly controlled by the
cellular redox state (105). Additionally, the sirtuins are extensively regulated by numerous other
mechanisms including transcriptional and post-transcriptional regulation of expression (10).
Dysregulation of sirtuins by metabolic stress induced by overfeeding and unhealthy diet can be
anticipated to participate in the pathogenesis of metabolic diseases by disrupting the basic
metabolic pathways and by compromising the defense against oxidative stress. In the current
review, we will focus on the role of extranuclear sirtuins in the adaptive mechanisms in response
to metabolic stress. We will discuss the mechanisms of sensing the metabolic state, the
significance of mitochondrial and cytosolic sirtuins in metabolic homeostasis, and how these
enzymes may be involved in the progression of metabolic diseases.
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Sirtuins sense the cellular metabolic and energetic state through NAD+
All living organisms have developed pathways by which they can sense and respond to the
fluctuations in the available nutrient levels and metabolic stress (61). A nutrient-sensor may sense
the nutrient availability directly by binding with the nutrient, or indirectly through a metabolite
that reflects the nutrient availability (79,135). Among these metabolic sensors, the sirtuin protein
family plays an important role. In this chapter, we will explain briefly how sirtuins sense the
metabolic and energetic state inside the cells through NAD+ availability and how in turn the
NAD+-dependent activation of sirtuins regulates critical functions required for cellular adaptation
to the current metabolic state.
NAD+
NAD+ is an essential cofactor in metabolism (19,132). During the oxidation of glucose, fatty acids
and amino acids, the NAD+ acts as a hydride acceptor, forming the reduced form NADH. The
NADH is then translocated to mitochondria through the malate-aspartate and glycerol phosphate
shuttles (7,82). In mitochondria, the NADH is re-oxidized by donating the hydride ion to the
complex I in the electron transport chain to finally generate the high-energy molecule ATP
(107,142). The major NAD+/NADH pools exist in the cytosol and mitochondria (141). The
NAD+/NADH ratio affects the overall redox state of the cell. Importantly, the NAD+/NADH
redox state is responsive to the perturbations in the major metabolic pathways such as glycolysis,
the malate-aspartate shuttle, the tricarboxylic acid (TCA) cycle, oxidative respiration, and
oxidative stress (32,93,142). Furthermore, fasting and exercise have been shown to increase the
NAD+ level (16). Similarly, caloric restriction (CR) in rodent models also increases the NAD+
level in several tissues such as liver, muscles, and white adipose tissue (16,40). In contrast, highfat diet (HFD) causes a significant decline in the NAD+ level (18). Additionally, it has been shown
that the NAD+ level declines with aging in several organs such as heart, liver, kidney, and lungs
(9). Moreover, NAD+ is the precursor for the production of NADP+ through phosphorylation by
NAD+ kinase (74). Importantly, the NADP+/NADPH ratio plays a role in several biosynthetic
pathways and in protection of cells against reactive oxygen species (ROS) (74).
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Maintenance of the intracellular NAD+ homeostasis
Maintenance of the NAD+ homeostasis is crucial for healthy cells. Mounting studies have
demonstrated that the changes in the NAD+/NADH ratio are associated with several pathological
conditions such as metabolic syndrome, cardiovascular diseases, aging, and cancer (32,141). A
recent study demonstrated that a decline in the nuclear NAD+ level can disrupt the balance
between the nuclear- and the mitochondrial-encoded OXPHOS subunits (37). Importantly, this
imbalance could be reversed by caloric restriction and raising the NAD+ level (37). Therefore,
boosting cellular NAD+ level serves as a potential target for treating mitochondrial disorders and
aging (114) . Cells aim to secure the NAD+ balance by increasing the NAD+ production by
synthesizing NAD+ either through de novo or salvage pathways (8,25,50). However, the NAD+
salvage pathway is considered the most important for maintaining the cellular NAD+ level (102).
The de novo synthesis of NAD+ starts with the essential amino acid tryptophan (Trp) which is
converted to NAD+ after several steps (for a review see ref (114)). The salvage pathway is
considered the primary source of NAD+ biosynthesis by catalytic conversion of several NAD+
metabolites such as nicotinic acid (NA), nicotinamide (NAM), and nicotinamide riboside (NR)
(114). An example of the salvage pathway is the conversion of nicotinic acid to nicotinic acid
mononucleotide (NAMN) by nicotininc acid phosphoribosyltransferase (NAPRT), which is
subsequently

converted

to

NAD+

by

the

enzymes,

nicotinamide

mononucleotide

adenylyltransferase (NMNAT) and NAD synthase (NADS) (114). Another example is the
conversion of NAM and NR to nicotinamide mononucleotide (NMN) by the action of
nicotinamide phosphoribosyltransferase (NAMPT) and nicotinamide riboside kinase (NRK),
respectively. The NMN is then finally converted to NAD+ by the action of NMNAT (114).
It has been reported that Nampt+/- mice, having reduced expression of NAMPT, the key enzyme
synthesizing NAD+ from NA, have impaired glucose-stimulated insulin secretion (103).
Importantly, the impairment in the insulin secretion could be rescued by NMN supplementation,
indicating that maintaining the NAD+ homeostasis is crucial for pancreatic function (103).
Additionally, Yoshino et al. demonstrated that the NAMPT activity is reduced by HFD and aging,
leading to lower NAD+ level, which could trigger the pathogenesis of type 2 diabetes (136). NR
is a naturally occurring NAD+ precursor, which has been reported to increase NAD+ level and in
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turn, increase the activity of both SIRT1 and SIRT3, finally leading to improved mitochondrial
function in HFD-induced obesity (18).
Furthermore, pharmacological approaches have been developed to boost the NAD+ level by either
inhibition of the enzymes consuming NAD+ such as poly(adenosine diphosphate-ribose)
polymerase (PARP) or CD38, or by supplementation with an NAD+ precursor such as NA, NMN
or NR (4,6,18,136).
Sirtuins as sensors for the NAD+
All sirtuins have a conserved NAD+ binding domain (137) and they can act as energy sensors
through being sensitive to the NAD+/NADH ratio (19). Therefore, a change in the NAD+ level in
response to different energetic challenges such as fasting or overfeeding will affect the sirtuin
activity (33,128) (Fig.1). Sirtuins catalyze the removal of acyl group and/or adding ADP-ribose
residue to protein by hydrolysis of NAD+ to generate NAM and O-acetyl-ADP-ribose.
Importantly, NAM may serve as an inhibitor of sirtuins; in addition to NAD+, the sirtuin activity
is thus regulated by the NAM level (19).
Cross-talk between sirtuins and other energy sensors: AMPK and PGC-1a
Sirtuins have been reported to interact with other energy sensors such as AMP-activated protein
kinase (AMPK) and peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α).
AMPK is an essential cellular energy sensor (43). AMPK is activated in response to a rise in
AMP/ATP and ADP/ATP ratios resulting from high consumption of the high energy molecules
ATP. High level of AMP is a characteristic of energetic stress states such as glucose starvation
of cultured cells (43). Several studies have reported activation of AMPK in the liver, skeletal
muscle and heart of the mice and rats during caloric restriction; however, there are also studies
that have failed to confirm this (for a review see (14)). AMPK activation promotes recovery of
ATP level by inhibition of the ATP-consuming anabolic pathways and by enhancement of the
catabolic pathways generating ATP (14,43).
Cross-talk of AMPK and SIRT1 is well-established, and these two factors play a synergistic role
in the promotion of mitochondrial function through PGC-1α (15). Furthermore, SIRT1 may be
involved in AMPK activation (49,96). Another sirtuin involved in AMPK activation is
mitochondrial SIRT3, which has been shown to activate AMPK in several cell types
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(36,51,65,89). The mechanism may involve deacetylation of the AMPK upstream kinase LKB1
(36). Moreover, the mitochondrial sirtuins may regulate the AMPK activity by modulating the
ATP synthesis, as has been shown for SIRT4 (48). AMPK in turn increases cellular NAD+ levels
and also regulates expression of several sirtuins (12,17). Overexpression of AMPK in mouse
hepatocytes induced SIRT1-3 and 6, but repressed SIRT5 mRNAs (12). Metformin, the frontline
drug therapy against type 2 diabetes and a well-established AMPK activator, partly repeated the
effects of AMPK overexpression. Indeed, SIRT1 and SIRT2 mRNA and protein were induced by
metformin; however, in contrast to AMPK, metformin reduced SIRT3 expression (11,12,22).
Interestingly, the SIRT5 protein, but not the mRNA, was repressed by metformin both in cultured
hepatocytes and in mouse liver in vivo (12). Another level of regulation involves direct
phosphorylation of sirtuins by AMPK, and SIRT2 has been reported to be phosphorylated by
AMPK (99). Overall, there appears to be very extensive interaction between AMPK and the
sirtuin family that is perfectly logical considering that these factors are among the most important
energy sensory systems in cells (Fig.2).
PGC-1α is known to be the master regulator of mitochondrial biogenesis and energy expenditure
in the whole body. PGC-1α is induced in conditions of energy demand, for instance during
fasting, exercise, and cold (34,120). In turn, it regulates a number of transcription factors involved
in many metabolic pathways such as hepatic gluconeogenesis, and fatty acid synthesis and
oxidation (34,120).
Sirtuins and AMPK work in close interaction with PGC-1α to regulate energy homeostasis. Both
AMPK and SIRT1 promote PGC-1α function through phosphorylation and deacetylation,
respectively (53,104). However, the effect may be context-specific, and in the liver, SIRT1
induces gluconeogenic genes and glucose output through PGC-1α, but does not regulate the
effects of PGC-1α on mitochondrial genes (104). On the other hand, in brown adipose tissue and
muscle, SIRT1-mediated deacetylation of PGC-1α improved mitochondrial function (64).
Furthermore, SIRT2 may deacetylate PGC-1α in adipocytes and thus regulate β-oxidation and
mitochondrial function (62). SIRT3, but not SIRT2, was reported to induce PGC-1α expression
in HIB1B brown adipocytes, and this was associated with increased phosphorylation of CREB, a
transcriptional regulator of PGC-1α (111). A recent study also reported direct interaction of
SIRT3 and PGC-1α and stabilization of PGC-1α protein by SIRT3 in mouse pre-osteoblastic
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MC3T3-E1 cells (28). However, the mechanism would require further study, especially
considering that SIRT3 has mainly mitochondrial and PGC-1α mainly nuclear localization.
Sirtuins may also regulate PGC-1α indirectly through AMPK activity (48). In hepatocytes, PGC1α induces expression of both SIRT3 and SIRT5, but not the other sirtuin forms, in an estrogenrelated receptor α (ERRα) and peroxisome proliferator-activated receptor (PPAR) α-dependent
manner (12,60). This suggests that SIRT3 and SIRT5 may complement each other in activating
mitochondrial functions in response to metabolic demands. Specific regulation of the two sirtuins
promoting mitochondrial function agrees well with the role that PGC-1α has in stimulating the
mitochondrial function and biogenesis.
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The role of extranuclear sirtuins in metabolism and metabolic disorders
SIRT2, the main cytosolic sirtuin
SIRT2 is the only sirtuin primarily located in the cytosol, although it has also been found in the
nucleus and mitochondria (71,119). Originally, SIRT2 was reported to be a tubulin deacetylase
protein (87). In agreement with this function, the suppression of SIRT2 in cardiomyocytes by
advanced glycation end products (AGEs) leads to hyperacetylation of α-tubulin and finally
triggers diabetic cardiomyopathy (138). Therefore, SIRT2 activation might be a potential
mechanism against diabetic cardiomyopathy. Later studies have shown that, in addition to
tubulin, SIRT2 deacetylates many other proteins in both the cytosol and the nucleus (119). In
addition to deacetylation, SIRT2 has been shown to catalyze demyristoylase activity (118). Both
activities can modify numerous proteins involved in many physiological functions. SIRT2
expression is detected in a wide range of mice tissues, but particularly in metabolically relevant
organs, such as muscle, liver, testes, pancreas, kidney and adipose tissue; however, the highest
expression is found in the brain (56,80).
Although SIRT2 is thought to be predominantly a cytosolic protein, many of the currently
established functions are related to the modification of nuclear factors. SIRT2 can be translocated
to the nucleus and it has an important epigenetic role (57). Furthermore, a nucleus-specific SIRT2
isoform has been reported, but with no deacetylate activity (98). SIRT2 has been demonstrated
to deacetylate several histones and it is involved in the regulation of the cell cycle, DNA repair,
and transcription (57). As an example of histone deacetylation, SIRT2 deacetylates the H4K16
and regulates chromatin structure during cell cycle (57). Additionally, during mitosis SIRT2 level
was shown to be induced and the protein was translocated to the nucleus (29). Importantly, Sirt2/-

mice have greater DNA damage occurrence and genome instability, which make them prone to

develop different types of cancers (110).
It has been demonstrated that SIRT2 expression is regulated in response to the changes in cellular
energetic state (122). The SIRT2 expression is repressed in the high energy state and induced
during caloric restriction. In mice, long-term caloric restriction has been shown to enhance the
SIRT2 protein level, specifically in the white adipose tissue and kidney, but not in the liver or
brain (122). Furthermore, short-term fasting increases the SIRT2 mRNA and protein level in both
the white and the brown adipose tissues in mice (123). Additionally, cold exposure in mice
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induces the SIRT2 level in the brown, but not in the white adipose tissue (123). In humans,
treatment of obese individuals with hypocaloric diet for 18 months increased both SIRT1 and
SIRT2 in the blood mononuclear cells (26). On the other hand, obesity in humans and HFDtreatment in mice downregulated the SIRT2 protein level in the visceral white adipose tissue
compared with the lean controls (62). Altogether, these studies support the hypothesis that the
SIRT2 expression is regulated in response to the energetic state and may act as an energy sensor.
Consequently, SIRT2 enables cells to adapt to the changes in energetic state and plays a key role
in the regulation of various metabolic processes such as adipogenesis, hepatic gluconeogenesis
and insulin action, as well as inflammation and ROS protection (38).
SIRT2 is the most abundant sirtuin in adipose tissue; however, its role in adipogenesis has only
recently emerged (56,123). Interestingly, SIRT2 expression was found to be decreased during
differentiation in the mouse 3T3-L1 preadipocytes and in the adipose tissue in vivo (56,123).
Moreover, overexpression of SIRT2 in the mouse 3T3-L1 preadipocytes led to inhibition of
adipogenesis at early stage (56,123). SIRT2-mediated inhibition of the adipogenesis was not due
to defects in insulin and/or IGF-1 signaling pathways, but was mainly conducted via deacetylation
of the forkhead box (FOXO) 1, leading to its retention in the nucleus and repression of the Pparγ
gene transcription (56,123). Moreover, SIRT2 overexpression in cultured adipocytes has been
shown to increase lipolysis both in the presence and absence of insulin (56,123). Further studies
are required to reveal whether SIRT2 can interact with FOXO1 in other tissues; an important
target tissue would be the liver, where FOXO1 is a key player in the regulation of gluconeogenesis
(56). Interestingly, it has been shown that in addition to SIRT2, SIRT1 inhibits the adipogenesis
in the 3T3-L1 preadipocytes by directly acting as a PPARγ corepressor (94). Surprisingly,
adipocyte-specific deletion of SIRT1 protects mice against metabolic dysfunction during chronic
treatment with HFD (81). The adipocyte-specific SIRT2 deletion is still needed to further unravel
the physiological role of SIRT2 in the adipose tissue. Additionally, SIRT2 has been shown to
inhibit the de novo fatty acid synthesis in the liver by deacetylation and inhibition of the ATPcitrate lyase (ACLY), the key enzyme responsible for the conversion of cytosolic citrate to acetylCoA, the building block for fatty acid synthesis (69,124). Therefore, activation of SIRT2 in the
liver might be one way to reduce liver steatosis (124). Altogether, SIRT2 could be a potential
therapeutic target for regulation of adipogenesis and obesity.
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Recently, SIRT2 has been demonstrated to play a crucial role in the processes maintaining
glucose homeostasis and insulin sensitivity (54,99). SIRT2 has been reported to enhance the
hepatic gluconeogenesis during glucose deprivation by acting on different targets in the liver (54).
One of the important SIRT2 targets is phosphoenolpyruvate carboxykinase (PEPCK), catalyzing
a rate limiting step in the gluconeogenesis pathway. Deacetylation of PEPCK by SIRT2 leads to
its increased stability (54). Another, potentially relevant target could be PGC-1α, a key activator
of gluconeogenic genes such as Pepck and G6pase. At least in adipose tissue SIRT2 can
deacetyate PGC-1α (62). Interestingly, in a very recent study, Zhang et al. reported that treatment
with SIRT2 inhibitor sirtinol (which also inhibits SIRT1) could reduce the hepatic glucose output
in vitro and in vivo (139). Sirtinol had little effect in SIRT2-knockdown cells, suggesting that
SIRT2 does indeed mediate the effect. The repression of glucose output was due to
hyperacetylation and finally degradation of PEPCK1 (139). Inhibition of gluconeogenesis by
SIRT2 inhibitors could putatively be a useful mechanism for treatment of type 2 diabetes (139).
However, more studies are needed in relevant disease models.
Recent studies have shown cross-talk between sirtuins and the insulin signaling pathway in
several organs. Both SIRT1 and SIRT2 were reported to deacetylate and thus regulate FOXO1,
which is a target of the PI3K-AKT pathway (44,56). SIRT2 has also been reported to enhance
insulin signaling in insulin responsive cells by direct interaction with AKT, a key factor in the
insulin signaling pathway (99). Moreover, SIRT2 could deacetylate and destabilize the
glucokinase regulatory protein (GKRP), the major interacting partner for glucokinase (92). This
might promote glucokinase export to the cytosol where it catalyzes phosphorylation of glucose
to glucose-6-phosphate, and thus enhances the glucose uptake (92). Therefore, SIRT2 was
thought to increase insulin sensitivity and to reduce insulin resistance; on the other hand, as
discussed above, SIRT2 has been reported to deacetylate PEPCK, leading to increase in its
stability and activation of gluconeogenesis (54,139). Clearly, more studies evaluating the role of
SIRT2 in hepatic glucose metabolism are needed. In contrast, SIRT2 expression has been reported
to be increased in insulin-resistant C2C12 skeletal muscles cells (3,27). Interestingly, inhibition
of SIRT2 in these cells improved the insulin-stimulated glucose uptake and increased
phosphorylation of AKT and GSK3B, suggesting that SIRT2 may negatively affect the skeletal
muscle glucose uptake (3). A different point of view was introduced by a study evaluating the
role of SIRT2 in glucose uptake during mitoenergetic dysfunction (68). During mitochondrial
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dysfunction, the cells cope with the energy crisis by increasing the glycolytic flux to sustain
cellular ATP levels, which requires increased glucose uptake (68). Interestingly, it was
demonstrated that mitochondrial dysfunction in C2C12 myoblasts triggers LKB1-mediated
activation of AMPK, which in turn activates the mTOR-RAPTOR and GLUT1-mediated glucose
uptake (68). This process required SIRT2, and glucose uptake was greatly reduced by chemical
inhibition of SIRT2 (68). The authors proposed that AMPK activation stimulates SIRT2
phosphorylation enhancing SIRT2 activity; however, the SIRT2 phosphorylation status was not
directly studied (68). Nevertheless, SIRT2 phosphorylation by AMPK has been reported (99). In
summary, the role and significance of SIRT2 in insulin signaling in major metabolic tissues is
still to be characterized in detail.
The production of ROS, which is primarily derived from the cellular respiration in mitochondria,
increases during caloric restriction, in metabolic dysregulation and with aging. (13,83). The ROS
constitutes of very reactive compounds such as superoxide ion (O2*), hydrogen peroxide (H2O2),
and hydroxyl radical (OH*), derived from incomplete reduction of molecular oxygen (13,83).
Normally, well-controlled, antioxidative defense mechanisms protect important macromolecules
such as proteins and DNA from oxidative damage (13,83). Imbalance between the production of
ROS and the antioxidative defense causes oxidative stress (13,83). Importantly, the oxidative
stress has been implicated in several chronic diseases such as cardiovascular diseases, obesity,
and diabetes (13,83).
Sirtuins have emerged as key players regulating the antioxidative capacity of cells; however, their
exact roles are still to be unraveled (1). SIRT2 is a central regulator of the defense mechanism
against the ROS. SIRT2 has been shown to deacetylate and activate FOXO3a, a transcriptional
activator of superoxide dismutase 2 (SOD2), which in turn reduces the ROS level (122).
Interestingly, SIRT2 promotes apoptosis under very high ROS levels (122), and this might be
very important to avoid transformation of cells as a result of accumulation of ROS-mediated DNA
mutations. Furthermore, under oxidative stress, SIRT2 may activate glucose-6-phosphate
dehydrogenase (G6PD), a key enzyme in the pentose phosphate pathway, producing more
NADPH (125). NADPH plays a role in the maintenance of cellular redox potential and is used to
keep ROS scavenger glutathione (GSH) in its reduced form. Additionally, SIRT2 may deacetylate
and activate phosphoglycerate mutase (PGAM2), a glycolytic enzyme indirectly regulating

13
Elkhwanky & Hakkola

G6PD and thus NADPH level (127). Interestingly, despite the antioxidative function of SIRT2,
inhibition of SIRT2 in the heart has a protective role against ischemic-reperfusion injury (77). A
recent study reported that SIRT2 deacetylates nuclear factor erythroid 2-related factor 2 (NRF2),
resulting in destabilization and reduced level of NRF2 (131). NRF2 downregulation in turn was
found to reduce iron export. Although not studied in the report, regulation of NRF2 may also
have significant effects on the defense mechanisms against oxidative stress as NRF2 is activated
by oxidative stress and plays a crucial role in the transcriptional activation of the defense
machinery (75). On the other hand, it has been reported that SIRT2 may positively regulate NRF2
expression (20); clearly, further research is needed also in this field.
Additional mechanisms connecting SIRT2 with the regulation of longevity have recently been
suggested (88). North et al. demonstrated that the stability of the mitotic checkpoint kinase
(BUBR1), which has emerged as a key factor in the regulation of normal aging, is under the
control of SIRT2 (88). Deacetylation of the lysine K668 inhibits BUBR1 proteasomal degradation
and increases its stability. Moreover, overexpression of SIRT2 in mice hypomorphic for BUBR1
(BubR1H/H) increases the median lifespan, with a greater effect in male mice (88). Additionally,
a pharmacological inducer of the NAD+ synthesis ameliorates several-age related diseases in mice
and restores the BUPR1 protein abundance (88). These results suggest, at least provisionally, that
SIRT2 could be targeted for treatment of age-related diseases and to increase the healthspan in
mammals (88).
In conclusion, SIRT2 appears to respond sensitively to changes in nutritional status, and in turn,
it tunes metabolic functions in the major metabolic tissues (Fig.3) and enhances the antioxidative
defense. However, there are still many discrepancies in the current data. Therefore, at the moment
it is not even clear whether activation or inhibition of SIRT2 would be a beneficial strategy for
treatment of type 2 diabetes and other metabolic diseases.
Mitochondrial sirtuins
SIRT3, the main promoter of the mitochondrial energy metabolism
SIRT3 is a mitochondrial matrix protein (73,108,109). It has wide tissue distribution, but the
expression is predominant in mitochondria-rich tissues with important roles in metabolism such
as liver, brown adipose tissue, muscle, heart and brain (73,111). Large-scale analysis of
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acetylome in liver mitochondria in wild type as well as in SIRT3 knockout mice has shown that
SIRT3 is a dominant, but not an exclusive, deacetylase enzyme in mitochondria and targets
thousands of acetylation sites in hundreds of proteins (45,101). Evaluation of the target proteins
reveals major role of SIRT3 in the regulation of mitochondrial energy metabolism, and the
primary pathways affected by SIRT3 included oxidative phosphorylation, fatty acid oxidation,
ketogenesis, branched chain amino acid catabolism, the citric acid cycle, and the urea cycle (101),
all functions contributing to the maintenance of energy homeostasis. Furthermore, SIRT3
regulates the acetylation status of multiple proteins within a given pathway that may allow more
efficient control over the pathway (45). Interestingly, however, SIRT3 knockout animals do not
display an obvious metabolic phenotype without metabolic challenge despite the mitochondrial
hyperacetylation (73). Instead, in the livers of fasting mice the whole-body SIRT3 knockout
caused significant abnormalities in several key elements of energy metabolism including fatty
acid oxidation, ATP levels and ketone body production (46,112), suggesting that SIRT3
participates in the regulation of the adaptive rather than the basal energy metabolism. Curiously,
tissue-specific knockouts in the liver or muscle did not affect the whole-body metabolic
homeostasis although hyperacetylation was observed in the corresponding tissues (35). This
suggests complex effect of SIRT3 on metabolic homeostasis, perhaps involving inter-tissue
communication. Alternatively, there may be experimental explanations, due to strain differences
or other factors, for the phenotypic discrepancy between the tissue-specific and the whole-body
SIRT3 knockouts.
SIRT3 responds to the nutritional status both through gene expression and NAD+ dependency.
Fasting and caloric restriction can upregulate SIRT3 in the liver, brown adipose tissue and
muscle, and this coincides with deacetylation of the SIRT3 target sites (45,46,89,111,129). This
suggests a role for SIRT3 as a metabolic switch enabling metabolically active tissues to react to
the nutritional stress. In contrast to the nutrient shortage, high-fat feeding repressed SIRT3
expression in the liver and muscles (5,58,89). SIRT3 level in skeletal muscle was also
downregulated by both insulin resistance and insulin deficiency (134). In summary, SIRT3
expression appears to be strongly affected by metabolic stress. Induction during fasting is
obviously a physiologically important response enabling the body to adapt and maintain optimal
energy homeostasis during periods of starvation or food sparsity. In the liver, this implicates
facilitating the use of lipids and amino acids as energy source. In contrast, SIRT3 depression by
15
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HFD and diabetes may represent a pathological mechanism potentially contributing to the
metabolic disturbances. Indeed, SIRT3 knockout mice have impaired insulin signaling and
glucose tolerance, reduced oxygen consumption, and they display accelerated obesity,
hyperlipidemia, and steatohepatitis during HFD (47,55). Thus in metabolic diseases, SIRT3 may
be part of a vicious circle in which SIRT3 is repressed by HFD and diabetes that in turn aggravates
the metabolic disturbances.
Interestingly, SIRT3 was reported to physically interact with, deacetylate and activate the
nicotinamide mononucleotide adenylyltransferase 3 (NMNAT3), the rate-limiting enzyme for
mitochondrial NAD+ biosynthesis (134). This suggests the interesting possibility that SIRT3,
NMNAT3 and NAD+ form a positive feedback cycle. SIRT3-NMNAT3 interaction is crucial for
SIRT3-mediated anti-hypertrophic effect (134).
Mitochondrial energy metabolism produces significant amounts of ROS. Due to the potential
toxic effect of ROS it is important to control and limit the oxidative stress. Logically, in
conjunction with the effect of promotion of oxidative phosphorylation, SIRT3 plays another
important role in the detoxification of ROS. Similar to SIRT2, SIRT3 has been shown to activate
the antioxidant machinery in the mouse heart by inducing the expression of superoxide dismutase
2 (SOD2) and catalase through deacetylation of the transcription factor FOXO3a (115). On the
other hand, according to several studies the main mechanism of SOD2 activation by SIRT3 is
direct deacetylation and activation of the enzymatic function (24,97,117). SIRT3 also
deacetylated and activated mitochondrial isocitrate dehydrogenase 2 (IDH2). This in turn
increased NADPH levels and the ratio of reduced-to-oxidized glutathione (GSH/GSSG) in
mitochondria enabling neutralization of ROS (113). Mitochondria are both the initiator and one
of the first targets of oxidative stress, and excess ROS may lead to membrane depolarization. A
recent study by Yang et al. reported that SIRT3 activity can be activated by loss of mitochondrial
membrane potential (130). A pool of SIRT3 was found to be associated with ATP synthase
subunit ATP5O. This interaction was dissociated upon mitochondrial matrix pH reduction in
association with membrane depolarization and resulted in deacetylation of a cohort of SIRT3
target proteins. Sequestering of SIRT3 by ATP5O may provide a rapid way of activating SIRT3
activity upon mitochondrial toxicity. SIRT3 was also needed for recovery of the membrane
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potential. In another study, SIRT3 has been reported to deacetylate the regulatory component of
the mitochondrial permeability transition pore, cyclophilin D (41).
Reduction of SIRT3 expression by HFD and metabolic diseases could compromise the
mitochondrial antioxidant defense system that may contribute to the disease complications. One
example of this involves pancreatic β-cells. Oxidative stress and inflammation induced by HFD
and type 2 diabetes cause β-cell dysfunction accompanied by reduced SIRT3 expression both in
mice and in humans (23,144). SIRT3 deficiency further impairs the ROS detoxification and
reduces the glucose-stimulated insulin secretion (23,144). In contrast, SIRT3 overexpression
appears to have a beneficial effect (59,144).
Collectively, the current evidence indicates that SIRT3 is a major regulator of mitochondrial
function with a crucial role in adjustment to metabolic stress in conditions of caloric restriction
(Fig. 4). Furthermore, SIRT3 coordinates the stimulation of oxidative phosphorylation and the
antioxidative defense system. Disruption of SIRT3 regulation by overnutrition can be estimated
to be an integral part of the pathogenesis in metabolic diseases and in complications such as
cardiac disease.

SIRT4, the mitochondrial metabolic break and the gatekeeper of the lipid metabolism
SIRT4 is a mitochondrial matrix protein expressed abundantly in metabolically relevant tissues
including the liver, brain, heart, kidney and pancreatic β-cells (42). Compared with the other
mitochondrial sirtuins, the enzymatic activity of SIRT4 is less established. SIRT4 appears to be
quite promiscuous in its enzymatic function and it catalyzes ADP-ribosylation and lysine
deacetylation and lipoamidation, although there is some controversy about the efficiency of the
different activities (42,67,76). Mathias et al. suggested that SIRT4 catalyzes more efficiently
lipoyl removal than deacetylation (76). The significance of the ADP-ribosylase activity has also
been questioned (31).
Recently, SIRT4 has been shown to catalyze the removal of novel lysine modifications:
methylglutaryl (MG)-lysine, hydroxymethylglutaryl (HMG)-lysine, and 3-methylglutaconyl
(MGc)-lysine (2,121). These modifications are produced nonenzymatically by leucine catabolism
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intermediates and they may provide a mechanism for inhibitory feedback. SIRT4 in turn
facilitates leucine oxidation by removal of the modifications (2,121).
SIRT4 has been reported to inhibit glutamate dehydrogenase (GDH) activity through ADPribosylation (42). GDH converts glutamate to TCA cycle intermediate α-ketoglutarate. Through
the inhibition of GDH, SIRT4 repressed glucose and amino acid stimulated insulin secretion from
β-cells (42). Another mechanism that may play a role involves the newly identified, SIRT4regulated MG-lysine, HMG-lysine, and MGc-lysine modifications affecting the leucine
catabolism. Through the regulation of leucine level, SIRT4 may affect the allosteric regulation of
GDH by leucine (2). Caloric restriction repressed SIRT4 activity, although it did not affect the
protein level, which promoted amino acid-stimulated insulin secretion (42).
In cultured fibroblasts and in the liver in vivo, SIRT4 represses pyruvate dehydrogenase activity
(PDH) through lipoamidase activity (76). SIRT4 hydrolyzed the lipoamide cofactors from the E2
component dihydrolipoyllysine acetyltransferase, which is required for PDH activity. PDH
catalyzes conversion of pyruvate to acetyl CoA, thus interconnecting glycolysis and TCA cycle.
In fact, SIRT4 appears to limit TCA cycle substrate availability at multiple points, and SIRT3
and SIRT4 seem to have opposing roles in the regulation of the TCA cycle (42,76,90).
Several studies have addressed the role of SIRT4 in hepatic lipid metabolism. SIRT4 plays an
important role in determination between anabolic and catabolic lipid homeostasis (67) (Fig. 5).
SIRT4 knockout mice hepatocytes have higher rate of β-oxidation (66,85). SIRT4 expression is
depressed by fasting (48,66), and therefore reduced SIRT4 activity promotes the use of fatty acid
oxidation as energy source in nutrient deprivation state. The process involves several
interconnected mechanisms. SIRT4 promotes ATP synthesis, and SIRT4 knockdown was found
to decrease cellular ATP level and increase the ADP/ATP ratio (48). Surprisingly, this associated
with increased oxygen consumption, which appears to be explained by SIRT4-mediated
regulation of adenine nucleotide translocator 2 uncoupling protein (48). Reduced ATP synthesis
activates AMPK kinase through the increased amounts of AMP and ADP. AMPK phosphorylates
and inactivates acetyl CoA carboxylase (ACC), an enzyme catalyzing acetyl-CoA conversion to
malonyl-CoA, thus preventing fatty acid synthesis (48). On the other hand, SIRT4 deacetylates
and inhibits maloynyl CoA decarboxylase, catalyzing the reverse reaction (67). Thus during the
fed condition, SIRT4 stimulates lipid synthesis, while the SIRT4 repression during fasting
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reverses the process and activates fatty acid oxidation. SIRT4 repression also induces expression
of many genes involved in fatty acid oxidation, suggesting signaling from mitochondria to
nucleus (66,85). The process requires SIRT1, and SIRT4 knockdown induced SIRT1 expression
(66,85). Important transcriptional regulators of mitochondrial biogenesis, PGC-1α and ERRα,
and several PGC-1α-regulated, nuclear-encoded, mitochondrial genes were also induced by
SIRT4 knockdown (48,85). This involves AMPK-dependent induction of PGC-1α (48). SIRT1
also activates PGC-1α, and SIRT1 activation plays a role in peroxisome proliferator-activated
receptor α (PPARα) coactivation by PGC-1α and the subsequent induction of fatty acid oxidation
genes (66). Although most studies have been performed in liver, SIRT4 inhibition also promotes
β-oxidation in muscle (85).
SIRT4 is obviously an important regulator of mitochondrial metabolism by promoting lipid
synthesis, reducing carbon source availability of the TCA cycle, and by regulating uncoupling of
oxidative phosphorylation. Reduction of SIRT4 under nutrient deprivation coordinates cells to
utilize fatty acids as energy source, and this complements the opposite effects mediated by SIRT3
(and perhaps SIRT5) induction. In concordance, SIRT4 expression was induced in the livers of
mouse models of type 2 diabetes and in human liver samples with non-alcoholic fatty liver
disease, suggesting involvement in the metabolic disease (85,126).

SIRT5, the regulator of the urea cycle and what else?
SIRT5 has wide tissue distribution, but the highest expression was found in the tissues relevant
for metabolic functions, i.e., liver, skeletal muscle, heart, kidney and brain (84). SIRT5 is
predominantly a mitochondrial sirtuin localized to the mitochondrial matrix (84). However, an
isoform with an alternative C-terminus has been identified, which is targeted, in addition to the
mitochondria, also to the cytosol (78). In agreement with this, SIRT5 function is not limited to
mitochondria: it has also cytosolic targets (91).
SIRT5 has low deacetylation activity. Instead, it catalyzes several less studied lysine
modifications including desuccinylation, demalonylation and deglutarylation. Several large
screening studies have addressed the occurrence of succinyl, maloynyl and glutaryl modifications
in the liver and the significance of SIRT5 activity on the corresponding deacylation reactions
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(86,91,100,116). SIRT5 appears to be a major desuccinylase enzyme and targets more than half
of the mitochondrial succinylated proteins (100). Succinylation has been shown to affect protein
function

of

3-hydroxy-3-methylglutaryl-CoA

synthase

2

(HMGCS2),

the

pyruvate

dehydrogenase complex and the succinate dehydrogenase as a proof of functional significance of
this protein modification (91,100). Pathway analysis of SIRT5 targets identified fatty acid βoxidation, branched chain amino acid catabolism, the citric acid cycle, ATP synthesis and ketone
body synthesis as the most enriched target pathways (100). Interestingly, there is rather
conflicting data on the overlap of the mitochondrial acetylome and succinylome. Rardin et al.
reported 80% overlap between the sites of lysine acetylation and succinylation with 24% overlap
of SIRT3 and SIRT5 target sites (100). On the other hand, Park et al. suggested only very limited
overlap between lysine acetylation and succinylation (91).
Besides the liver, succinylation appears to play an important role in the heart, and the SIRT5
protein level was also found to be high in the heart (106). In the heart, SIRT5 especially targets
fatty acid oxidation, but also several other components of energy metabolism were found to be
under the control of SIRT5-mediated succinylation (106). SIRT5 knockout mice also developed
hypertrophic cardiomyopathy (106).
In the context of lysine malonylation, SIRT5 was found to target proteins involved in
gluconeogenesis and glycolysis, and SIRT5 knockout in primary hepatocytes was found to
diminish glycolytic flux (86). SIRT5 appears to be the only sirtuin with deglutarylase activity
(116). Also glutarylation may be involved in numerous mitochondrial functions; however,
carbamoyl phosphate synthase 1 (CPS1), the rate-limiting enzyme in urea cycle, is the most
established target at the moment (116).
Characterization of whole-body metabolism in germline Sirt5-/- mice displayed rather modest
abnormalities both under regular chow or HFD (34). The main finding was elevated serum
ammonia during fasting (34). This agrees well with the well-established importance of CPS1 as
a SIRT5 target protein. Indeed, desuccinylation, demalonylation and deglutarylation all seem to
target urea cycle (17,22,29). There is coordination in the regulation of urea cycle by SIRT5 and
SIRT3 and they regulate the two consecutive steps in the process, i.e., CPS1 and ornithine
transcarbamoylase, respectively (11). Enhancement of the urea cycle is needed when amino acids
are used for gluconeogenesis during fasting. Coordinated function of SIRT3 and SIRT5 in the
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regulation of ureagenesis agrees well with the regulation of both sirtuin genes by PGC-1α, a
fasting-activated transcriptional regulator (2).
SIRT5 targets several components of the electron transport chain (140). It was first originally
reported that SIRT5 has a suppressive effect on cellular respiration (91). However, several more
recent studies have observed positive effects on oxidative phosphorylation (12,140,143).
Therefore it was rather surprising, considering that oxidative phosphorylation is a major source
of ROS, that there was a higher ROS level in the SIRT5 knockout murine embryonic fibroblasts
(143). In fact, SIRT5 is another sirtuin form involved in the antioxidative defense (Fig. 6). Similar
to SIRT3, also SIRT5 activates the function of IDH2 and thus increased NADPH production and
GSH/GSSG ratio (143). Also another NADPH-producing enzyme, glucose-6-phosphate
dehydrogenase (G6PD), was activated by SIRT5. However, the mechanisms are different: IDH2
is activated by desuccinylation and G6PD by deglutarylation (143). Oxidative stimuli seem to
activate the function, but not the expression of SIRT5 (143). SIRT5 also desuccinylates and
activates the ROS detoxifying enzyme superoxide dismutase 1 (SOD1) and, at least in the brain,
regulates the SOD2 expression (70,72).
While many studies have now identified a large number of proteins modified by SIRT5 and it
seems to be involved in many aspects of mitochondrial function including the urea cycle, energy
metabolism and ROS detoxification, the overall importance of this enzyme still remains rather
poorly understood. The current evidence does not suggest any indispensable role in unchallenged
metabolic conditions. However, SIRT5 may be important under fasting to maintain optimal
metabolic homeostasis.
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Concluding remarks
Although the sirtuins’ target proteins, the modifications catalyzed and their functional
consequences are only partially characterized, it is now clear that the sirtuins in the mitochondria
and cytosol play important roles in sensing the metabolic state and adjusting the metabolic
pathways by modulating functions of the key metabolic enzymes. Especially, the sirtuins are
important in nutritional switch from the fed to the fasting state. Furthermore, they play an
important role in defense against the oxidative stress.
Obesity and HFD-induced metabolic stress cause dysregulation of the sirtuin system that
probably plays an important role in the pathogenesis of metabolic diseases. This may be mediated
by inappropriate function of the metabolic pathways and/or through the increased oxidative stress.
Furthermore, abnormal expression of sirtuins has been observed in animals having metabolic
diseases such diabetes and fatty liver disease, which may contribute to the development of disease
complications such as cardiac diseases. Sirtuins may thus have an important role both in the early
and the late stages of the metabolic diseases. Although the data from human studies is quite
limited, the existing data suggests that sirtuins are dysregulated similarly as in the experimental
animals by obesity and metabolic diseases. Obviously, this means that the sirtuins may be useful
drug targets. Since most extranuclear sirtuins, apart from SIRT4, are repressed in the metabolic
diseases, sirtuin activators, rather than inhibitors, may offer a viable approach. Indeed, such
molecules are under development (21). However, the picture is complicated and in some
situations also inhibition may be useful, as exemplified by the reduction of hepatic glucose output
by SIRT2 inhibition. To utilize the full therapeutic potential, better understanding of the sirtuin
functions is required. Furthermore, to support the promising prospects for sirtuin-mediated
pharmacotherapy, more clinical research in humans is required.
In many cases, the different sirtuins appear to have complementary functions and also extensive
cross-talk. For example, SIRT3 and SIRT5 seem to have synergistic effect on urea cycle function,
while SIRT3 and SIRT4 may have the opposite influence on TCA cycle. This agrees well with
the regulatory patterns of these sirtuins during fasting. There also seems to be cross-talk between
sirtuins at different cell compartments as demonstrated by the effect of SIRT4 knockdown on
SIRT1 expression and function. This level of regulation is currently poorly characterized and the
mechanisms are not well understood, and much further research is thus clearly required.
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Abbreviations:
ACC: Acetyl CoA carboxylase
ACLY: ATP-citrate lyase
ADP: Adenosine diphosphate
AGEs: Advanced glycation end products
AKT: Thymoma viral proto-oncogene 1
AMP: Adenosine monophosphate
AMPK: AMP-activated protein kinase
ATP5O: ATP synthase subunit O
ATP: Adenosine triphosphate
CD38: Cluster of differentiation 38
CR: Caloric restriction
CaMKK2: Calcium/calmodulin-dependent protein kinase kinase 2
ERRα: Estrogen-related receptor α
FOXO: Forkhead box
G6PD: Glucose-6-phosphate dehydrogenase
G6pase: Glucose-6-phosphtase
GDH: Glutamate dehydrogenase
GKRP: Glucokinase regulatory protein
GLUT: Glucose transporter
GSH: Glutathione, reduced form
GSK3B: Glycogen synthase kinase-3 beta
GSSG: Glutathione, oxidized form
H2O2: Hydrogen peroxide
HBEpiCs: Human bronchial epithelial cells
HFD: High-fat diet
HMGCS2: 3-hydroxy-3-methylglutaryl-CoA synthase 2
IDH2: Isocitrate dehydrogenase 2
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IGF-1: Insulin-like growth factor 1
LKB1: liver kinase B1
NA: Nicotinic acid
NAD: Nicotinamide adenine dinucleotide
NADP: Nicotinamide adenine dinucleotide phosphate
NAM: Nicotinamide
NAMN: nicotinic acid mononucleotide
NAMPT: Nicotinamide phosphoribosyltransferase
NMN: Nicotinamide mononucleotide
NMNAT3: Nicotinamide mononucleotide adenylytransferase 3
NR: Nicotinamide riboside
NRF2: Nuclear factor erythroid 2–related factor 2
OXPHOS: Oxidative phosphorylation
PARPs: Poly(adenosine diphosphate-ribose) polymerase
PDH: Pyruvate dehydrogenase
PEPCK: Phosphoenolpyruvate carboxykinase
PGAM2: Phosphoglycerate mutase
PGC-1α: Peroxisome proliferator-activated receptor γ coactivator-1α
PI3K: Phosphatidylinositol-4,5-bisphosphate 3-kinase
PPARα: Peroxisome proliferator-activated receptor α
PPARγ: Peroxisome proliferator-activated receptor γ
ROS: Reactive oxygen species
SOD2: Superoxide dismutase 2
SIRT(s): Sirtuin(s)
TCA: Tricarboxylic acid
mTOR-RAPTOR: Mechanistic target of rapamycin-Regulatory-associated protein of mTOR
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Figure legends:
Figure 1: Sirtuins sense the nutritional and metabolic state through NAD+ availability. Sirtuins are
sensitive to the cellular NAD+ level. High NAD+ level during conditions of high-energy demand such as
fasting and exercise can activate the extranuclear sirtuins in cytosol and mitochondria, and consequently
regulates several metabolic pathways to maintain the cellular energy homeostasis. On the other hand,
high-fat diet, metabolic and oxidative stress, and aging decrease NAD+ level. Low NAD+ is associated
with dysregulation of sirtuin activities and pathological conditions such as mitochondrial diseases,
metabolic syndrome and vascular diseases. (To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com/ars).
Figure 2: Fasting and exercise regulate extranuclear sirtuins through multiple pathways. (To see this
illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).
Figure 3: SIRT2 maintains the energy homeostasis through regulation of several metabolic pathways
such as adipogenesis, glucose metabolism, fatty acids synthesis and hepatic glucose production. (To see
this illustration in color the reader is referred to the web version of this article at
www.liebertonline.com/ars).
Figure 4: SIRT3 is a major regulator of the mitochondrial functions and plays a key role in adaptation
to the physiological metabolic stress such as fasting. Repression of SIRT3 by HFD and diabetes is
probably involved in the metabolic disturbances. (To see this illustration in color the reader is referred to
the web version of this article at www.liebertonline.com/ars).
Figure 5: Role of SIRT4 in maintenance of the lipid homeostasis. A) In fed condition, SIRT4
deacetylates and inhibits the maloynyl CoA decarboxylase (MCD), catalyzing the conversion of the
malonyl-CoA to acetyl-CoA, thus promoting the opposite reaction and fatty acid synthesis in liver. B)
During fasting, the repression of the SIRT4 promotes β-oxidation through several mechanisms.
Repression of ATP production activates AMPK, which in turn phosphorylates and inhibits the acetyl
CoA carboxylase (ACC), the enzyme catalyzing acetyl-CoA conversion to malonyl-CoA, thus
preventing fatty acid synthesis. Furthermore, SIRT4 repression indirectly induces synthesis of several βoxidation genes. (To see this illustration in color the reader is referred to the web version of this article
at www.liebertonline.com/ars).

Figure 6: Sirtuins control the antioxidative defense system. Mitochondrial energy metabolism
produces high levels of potentially toxic ROS. SIRT2, SIRT3 and SIRT5 all play important roles in
activation of the protective mechanisms against ROS. Many of the regulatory mechanisms are shared by
the different sirtuins. (To see this illustration in color the reader is referred to the web version of this
article at www.liebertonline.com/ars).

